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Abstract
The effect of the ortho-para ratio on muon-catalyzed d–d fusion reactions in solid and liquid deuterium at 5.5–23.2 K has been investigated.
An unexpected decrease in the resonant ddµ molecular formation rate and in the dµ hyperfine transition rate has been clearly observed in liquid
ortho-rich deuterium as well as the solid form. The result in the liquid phase does not agree with theoretical predictions for isolated D molecules.2
This fact indicates that the resonance condition in the solid and liquid phases differs from theoretical predictions presumably due to a high-density
condensed-matter effect common to liquids and solids. The dµ hyperfine transition rate via back-decay, the dµ hyperfine-transition rate via
scattering, and the back-decay rate have also been directly determined in the solid and liquid phases.
 2005 Elsevier B.V.
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Muon-catalyzed fusion (µCF) reactions have been exten-
sively investigated over a wide range of temperatures and densi-
ties in different phases with various combinations of hydrogen
isotopes. Studies of µCF in pure deuterium (d–d µCF), espe-
cially, have played an essential role in understanding the basic
mechanism of µCF, and have led to the formulation of the reso-
nant mechanism of ddµ molecular formation [1]. A schematic
diagram of the ddµ molecular formation and the dµ hyperfine
transition processes after dµ atomic formation in pure deu-
terium is shown in Fig. 1. In the gas phase, previously observed
rates of the resonant ddµ molecular formation from dµ atoms
with the hyperfine state F = 3/2, λ˜ 3
2
, [2] were consistent with
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Open access under CC BY license.theories, which assumes that dµ atoms are rapidly thermalized
and the colliding D do not interact with other D molecules2 2 [3].
In the solid phase, however, unexpectedly high rates of λ˜ 3
2
were
reported in several experiments [4–6], whereas the theories for
isolated D molecules predicts a rapidly decreasing formation2
rate as the temperature drops. Recently, our group measured λ˜ 3
2
and the dµ hyperfine transition rate from F = 3/2 to F = 1/2,
λ˜ 3
2
1
2
, in solid D at 3.5 K by controlling the ratio of ortho- to2
para-D molecules2 [6,7]. In contrast to theoretical predictions
for the gas phase [8,9], both λ˜ 3
2
and λ˜ 3
2
1
2
in ortho-rich deu-
terium (99.7% ortho-D ) were smaller than those in normal2
deuterium (66.7% ortho-D ). The experimentally determined2
rates of λ˜ 3
2
and the theoretical predictions are summarized in
Fig. 2. In order to explain the high rate of λ˜ 3
2
in the solid
phase, several theoretical models were proposed while taking
account of the coupling between D molecules and the high2
density in the solid crystal [14,15]. A comprehensive theory
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processes after dµ atomic formation in pure deuterium.
Fig. 2. Temperature dependence of the resonant ddµ molecular formation rate.
The solid line represents a theoretical fitting to the experimental data [2], as-
suming an isolated normal-D2 [3]. The dotted line represents the theory for
ortho-D2 [9]. Our data obtained for normal- and ortho-D2 in the present work
are also plotted.
for µCF processes in condensed deuterium has been developed
by Adamczak using an analogy between neutrons and small
neutral dµ atoms [16–18]. Neutron scattering and deceleration
processes are strongly affected by the crystalline structure of
solid hydrogen. The theory has explained the high rates of λ˜ 3
2
in solid deuterium and the higher d–d fusion neutron yield in
ortho-rich deuterium. A non-thermalization mechanism of dµ
atoms in the solid state plays an essential role in this theory.
This assumption was supported by Woz´niak et al., who demon-
strated that the solid hydrogen target becomes transparent for
pµ atoms below the Bragg cutoff energy limit (≈ 2 meV) [19].
However, the change in the proton time spectra associated with
the ortho-para ratio of deuterium observed at 3.5 K in our pre-
vious experiment [6] still remains unexplained [17,18].
The dµ hyperfine transition is also an essential process be-
cause the ddµ formation process strongly depends on the hy-
perfine state of the colliding dµ atom. The experimentally ob-
served rates, λ˜ 3
2
1
2
[2,4–6,10–13], were about 30% smaller than
those of theories [20,21]. This discrepancy has also been an
important problem in d–d µCF for a long time. As shown inFig. 3. Schematic view of the experimental setup.
Fig. 1, the dµ hyperfine transition process is classified into
two independent process: (1) a hyperfine transition via back de-
cay after intermediate ddµ formation, λ˜BD3
2
1
2
, and (2) a hyperfine
transition via direct exchange scattering with the surrounding
D2, λ˜SC3
2
1
2
. These rates were determined in several experiments
by various methods [6,22,23]. However, there was no experi-
ment that directly observed the temperature dependence of λ˜BD3
2
1
2
and λ˜SC3
2
1
2
.
In order to solve the problems in d–d µCF concerning ddµ
formation and the dµ hyperfine transition, the d–d µCF experi-
ment with controlled ortho-para deuterium in different phases is
valuable. We measured the dependence of ddµ formation and
the dµ hyperfine transition on the ortho-para ratio of deuterium
in the solid and liquid phases. The measurement in the liquid
phase is a clue to understanding the µCF processes in con-
densed deuterium. It is not necessary to take account of the
theoretically proposed effect due to the crystalline structure,
which had been proposed to cause unexpected ddµ formation
in the solid phase.
2. Experimental
The present experiment was performed at the TRIUMF M9B
muon channel using a µ− beam of 52 MeV/c momentum.
A schematic figure of the experimental setup is shown in Fig. 3.
An incoming muon signal generated by coincidence of the sig-
nals from two beamline counters (B1 × B2) produced a 12-µs
gate for data-taking. To detect 2.5-MeV neutrons emitted from
d–d fusion reactions, four NE-213 liquid scintillators (N1–N4)
were placed perpendicular to the incoming µ− beam. The sig-
nals of neutrons were discriminated from those of γ -rays by
using a pulse-shape analyzer (Ortec inc., PSA552) and a delay-
line amplifier (Ortec inc., DLA460). The energy scale of neu-
tron detectors were calibrated with the Compton edges of γ
sources ( 60Co and 137Cs).
Muon-decay electrons were detected by four pairs of plastic
scintillation counters (E1–E8) placed around the target. Using
the time spectrum of muon-decay electrons, we determined the
number of muons stopped in the target.
The target cell was a cylindrical (φ25 mm × L60 mm) and
made of oxygen-free high conductivity (OFHC) copper. Its tem-
perature was controlled in a temperature range from 5.5 to
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in the target cell caused by the magnetism of oxygen. The target
condition was monitored by measuring both the temperature of
the target cell and the vapor pressure of deuterium gas.
The preparation of ortho-para controlled deuterium and the
measurements of the ortho-para ratio were essential in the
present study. A Pd filter was used for the purification of deu-
terium. Deuterium gas penetrating through the Pd filter was
in a statistical mixture (normal) at an operating temperature
of 420 ◦C. Ortho-rich deuterium was prepared by employing
the paramagnetic conversion method [24]. Deuterium was held
in the 100-cc inner volume of an ortho-para conversion cell
filled with paramagnetic grained catalyst (Al2O3 : Cr2O3 = 2 : 1
in volume). The conversion cell was operated at a tempera-
ture of 10 K for about 24 hours to make ortho-rich deuterium
(∼ 99%). In order to determine the ortho-para ratio of deu-
terium, the Raman spectroscopy method was employed. The
absolute ortho-para ratio was measured by analyzing the inten-
sity of the rotational Raman transitions in the Raman spectrum.
A compact Raman laser system was placed beside the experi-
mental area in order to instantly analyze the gas sampled from
the target. The Raman laser system consisted of a diode pumped
solid state (DPSS) blue laser, an optical system to induce the
laser light and to collect the scattered light, a sample cell, and a
single grating spectrometer connected with a photon-counting
system. The DPSS laser had an output of 20 mW-CW and a
single line of 473 nm. The gas analysis was carried out before
each experimental run to confirm that the expected ortho-para
ratio was achieved. Analysis was also carried out after each run
to check that the ortho-para ratio was not changed during the
experiment. The ortho-para ratio was determined within an ac-
curacy of 2%.
3. Analysis
At three temperatures each in the solid (5.5, 11.7, 18.2 K)
and liquid (18.8, 21.2, 23.2 K), we measured and analyzed the
emission time distribution of d–d fusion neutrons from both
normal and ortho-rich deuterium.
The main background neutrons due to the muon nuclear
capture reactions at the surrounding material was strongly sup-
pressed by demanding that the muon-decay electron should be
detected between 0.3 and 5 µs after the neutron signal. Fig. 4
shows a typical neutron time spectrum. The remaining back-
ground mainly came from ambient neutrons with no correlation
to muon arrival. The time distribution of background neutrons
was determined from the observed time distributions of neu-
trons that deposited a higher energy than that of fusion neutrons,
2.5 MeV. The time spectrum of d–d fusion neutrons after the
background subtraction was fitted with the expected equation
derived from the general static kinetics model of d–d µCF for
dense targets [25]. In the fitting procedure, λ˜ 3
2
, λ˜ 3
2
1
2
, and the
non-resonant ddµ formation rate, λ˜ 1
2
, were free parameters.
The muon loss rate as a result of the muon-transfer process to
impurities in deuterium was fixed to zero, because it was neg-
ligibly small in the target. Typical fitting results are shown inFig. 4. Typical d–d fusion neutron time spectrum and the background time
spectrum in a solid.
Fig. 5. Typical fitting results of the neutron time spectra with normal and or-
tho-rich deuterium in a solid, respectively. The fast and slow components con-
sist mainly of fusion neutrons via resonant and non-resonant ddµ formation,
respectively.
Fig. 5. The analysis procedure to investigate the dependence of
λ˜ 3
2
, λ˜ 3
2
1
2
, and λ˜ 1
2
on the ortho-para ratio is described in the fol-
lowing. Firstly, the neutron time spectrum for the normal-D2
target at 5.5 K was fitted with the fixed λ˜ 1
2
as a reference value
of 0.044(5) µs−1 [4,6] to derive the rates of λ˜ 3
2
, λ˜ 3
2
1
2
, and the
number of muons stopped in the target. In the second step, we
determined the relative number of muons stopped in other tar-
gets to that in the normal-D2 target at 5.5 K, assuming that it
was proportional to the observed number of muon-decay elec-
trons. The relative values of λ˜ 3 , λ˜ 3 1 , and λ˜ 1 to the fixed value2 2 2 2
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for normal-D2 at 5.5 K were derived by fitting with the
number of stopped muons obtained in the second step.
The rates λ˜SC3
2
1
2
, λ˜BD3
2
1
2
and the back-decay rate from the ddµ
molecule with the spin state S = 1/2 to the dµ with F = 1/2,
Γ 1
2
1
2
, were derived by adopting the same procedure as a Ref. [6].
A simplified relation between λ˜ 3
2
and λ˜ 3
2
1
2
is given by
(1)λ˜ 3
2
1
2
= λ˜SC3
2
1
2
+ λ˜BD3
2
1
2
≈ λ˜SC3
2
1
2
+
Γ 1
2
1
2
λ˜f
(λ˜ 3
2
− λ˜ 1
2
),
[25], where λ˜f is the d–d fusion rate in the ddµ molecule. In a
similar way of our previous work [6], it was assumed that there
was no ortho-para dependence of λ˜SC3
2
1
2
in this analysis.
4. Results and discussion
Table 1 gives the fitting results of λ˜ 3
2
, λ˜ 3
2
1
2
, and λ˜ 1
2
for
normal- and ortho-D2, respectively. All of the obtained rates of
λ˜ 3
2
and λ˜ 3
2
1
2
in normal-D2 were consistent with those in other
experiments, as shown in Fig2. In the solid phase, decreases
of λ˜ 3
2
and λ˜ 3
2
1
2
in ortho-D2 were observed. The dependence on
the ortho-para ratio in the solid phase was qualitatively con-
sistent with the result in previous experiments [6,7]. Such a
dependence was opposite to predictions by theories assuming
isolated D2 molecules from each other [8,9]. This disagreement
was considered to have arisen from the non-thermalization of
dµ in the solid crystal [7]. Even in the liquid phase, however, a
similar decrease in ortho-D2 was unexpectedly observed in this
work. This discovery is important for understanding the origin
of the discrepancy between the experiments and the theories
for isolated D2 molecules concerning λ˜ 3
2
and its dependence on
the ortho-para ratio in the solid phase. Theoretically, the res-
onant ddµ formation process depends on the ortho-para ratio
because the ortho-para state of D2 molecules affects both thedµ deceleration process and the resonance condition for ddµ
formation [20]. In comparison with the ddµ formation rate in
a solid at 3.5 K [6], the rate in a liquid would not be strongly
affected by non-thermalization of dµ because of its broad en-
ergy distribution. It is not possible to explain either the opposite
ortho-para dependence of λ˜ 3
2
or the rate lower than that of the
theoretical one [9] only by the non-thermalization of dµ in a
liquid. The obtained result would indicate that the resonance
condition is modified in the liquid phase from that of the gas
phase. The measured dependence of λ˜ 3
2
on the ortho-para ratio
is sensitive to neither the phase nor the temperature of deu-
terium. The resonance condition should be modified in both the
solid and liquid phases by a high-density condensed-matter ef-
fect common to liquid and solid deuterium, rather than by an
effect specific only to a solid. Adamczak calculated the proton
time spectra for 3-K ortho-D2 and para-D2 in a solid, while tak-
ing account of a resonance-energy shift of −1.81 meV and a
resonance width of 0.5 meV due to the recoil energy and the
anisotropic interaction of D2 molecules bounded in the solid,
respectively [17,18]. In the calculations, the dependence of the
fusion proton yield on the ortho-para ratio was qualitatively re-
produced. However, concerning the structure of the observed
time spectra, the dependence of the slope of the fast compo-
nent on the ortho-para ratio was opposite to the calculated one.
The slope depends dominantly on the hyperfine transition rate,
which is directly related to the ddµ formation rate because of
the back-decay process. This discrepancy suggests that a modi-
fication caused by a high-density condensed-matter effect is re-
quired to realize the dependence of the resonance condition on
ortho-para state in the solid phase. No theories have been pro-
posed for inducing such an effect on the resonance conditions
in both the solid and liquid phases. As discussed in Ref. [18],
there is a possibility to modify the wave function for a muonic-
molecular complex, [(ddµ)dee]∗, which has uncertainties due
to a difficulty of calculating in high-density condensed matter.Table 1
Results of the dependence on the ortho-para ratio of the resonant ddµ formation rate, λ˜ 3
2
, the hyperfine transition rate, λ˜ 3
2
1
2
, and the non-resonant ddµ formation
rate, λ˜ 1
2
. The fixed rate, λ˜ 1
2
, at 5.5 K for normal deuterium was used to normalize the data for solid and liquid deuterium. The systematic error due to the uncertainty
of the fixed rate is not included in the errors. φ is the deuterium density in units of LHD (liquid hydrogen density = 4.25 × 1022 atoms/cc) [26]. The data in the
previous experiment [6] are also listed
Temp. [K] φ [LHD] Ortho [%] λ˜ 3
2
[µs−1] λ˜ 3
2
1
2
[µs−1] λ˜ 1
2
[µs−1]
This work solid 5.5 1.43 67(2) 2.35(5) 31.6(4) 0.044(fixed)
99(1) 1.98(5) 28.3(4) 0.043(2)
11.7 1.42 67(2) 2.61(9) 32.0(8) 0.040(3)
99(1) 2.15(8) 30.1(8) 0.041(3)
18.2 1.40 67(2) 2.46(5) 33.2(4) 0.043(2)
99(1) 2.11(5) 30.8(4) 0.045(2)
This work liquid 18.8 1.23 67(2) 2.70(6) 32.4(4) 0.044(2)
99(1) 2.32(5) 30.2(4) 0.045(2)
21.2 1.19 67(2) 2.91(8) 33.0(6) 0.048(3)
99(1) 2.34(7) 29.1(6) 0.046(3)
23.2 1.16 67(2) 2.86(6) 32.6(4) 0.047(2)
99(1) 2.38(5) 29.8(4) 0.048(2)
Toyoda [6] solid 3.5 1.43 66.7 2.87(6) 36.1(8) 0.044(fixed)
99.7 2.13(4) 29.7(7) 0.044(fixed)
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Obtained hyperfine transition rate via scattering, λ˜SC3
2
1
2
, the hyperfine transition
rate via back decay, λ˜BD3
2
1
2
, and the back-decay rate, Γ 1
2
1
2
. The data in previous
works [6,22,23] and theoretical values (a[20], b[21], c[28]) are also listed for a
comparison
Temp. [K] λ˜SC3
2
1
2
[µs−1] λ˜BD3
2
1
2
[µs−1] Γ 1
2
1
2
[ns−1]
This work solid 5.5 11.2(6.8) 20.4(6.8) 2.8(0.8)
11.7 21.2(11.4) 10.9(11.4) 1.4(0.9)
18.2 16.2(8.3) 17.0(8.3) 2.3(0.7)
This work liquid 18.8 17.6(7.9) 14.8(7.9) 1.8(0.6)
21.2 13.1(7.6) 19.9(7.6) 2.2(0.7)
23.2 16.4(6.6) 16.2(6.6) 1.8(0.5)
Toyoda [6] 3.5 11.5(4.2) 24.7(4.9) 2.8(0.6)
Lauss [23] 20.0 26.3(3.0) 11.0(3.0) 0.9(0.3)
Voropaev [22] Liq. 23.6(0.4) 12.9(0.4) –
Theory Liq. ∼ 36a ∼ 14b ∼ 1.5c
We found for the first time that the non-resonant ddµ for-
mation rate, λ˜ 1
2
, is independent of the ortho-para ratio. The λ˜ 1
2
depends slightly on dµ kinetic energy [27]. The result indi-
cates that the difference between the dµ mean kinetic energy
in normal- and ortho-D2 is much lower than the dµ hyperfine
splitting of 48.5-meV.
The rates of λ˜SC3
2
1
2
, λ˜BD3
2
1
2
, and Γ 1
2
1
2
at 5.5–23.2 K were deter-
mined by using Eq. (1) with the dependence of the ortho-para
ratio on λ˜ 3
2
and λ˜ 3
2
1
2
at each temperature. The results are sum-
marized in Table 2. The obtained rates are consistent with other
works, and do not show any significant temperature depen-
dence. The obtained rate of λ˜BD3
2
1
2
is consistent with the theo-
retical one [21], while the obtained rate of λ˜SC3
2
1
2
is much smaller
than the theoretical one [20]. The reason for the discrepancy in
the λ˜SC3
2
1
2
values has not yet been explained.
5. Conclusion
The dependence of the resonant ddµ formation rate and the
hyperfine transition rate on the ortho-para ratio in solid and liq-
uid deuterium have been clearly observed in the temperature
range from 5.5 to 23.2 K. An unexpected decrease in the rates
of λ˜ 3
2
and λ˜ 3
2
1
2
for ortho-rich deuterium has been observed not
only in the solid phase, but also in the liquid phase. This re-
sult indicates that the resonant condition for ddµ formation in
both solid and liquid deuterium is different from those for the
gas phase. Further measurements of d–d µCF reactions in the
gas phase while controlling the density and the ortho-para ra-
tio will be crucially important. The rates of λ˜BD3
2
1
2
and λ˜SC3
2
1
2
were
independently determined in the temperature range from 5.5
to 23.2 K. The obtained values of λ˜SC3
2
1
2
were smaller than the
theoretical rate. More detailed theoretical studies to reproducethe new result will provide a much deeper understanding of the
high-density condensed-matter effect and the dependence of the
ortho-para ratio on d–d µCF reactions.
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